Impaired Assembly yet Normal Trafficking of MHC Class I Molecules in Tapasin Mutant Mice  by Grandea, Andres G et al.
Immunity, Vol. 13, 213±222, August, 2000, Copyright ª 2000 by Cell Press
Impaired Assembly yet Normal Trafficking of MHC
Class I Molecules in Tapasin Mutant Mice
sis, nascent class I heavy chains (HCs) associate with
calnexin, an ER resident chaperone. The class I HCs
then bind with b2-microglobulin (b2m), and HC-b2m are
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Iowa City, Iowa 52242 Mutant cell lines with defects in antigen presentation
5 Department of Microbiology and Immunology have been instrumental for studying MHC class I assem-
Indiana University School of Medicine bly. In the human B lymphoblastoid cell line 721.220,
Walther Oncology Center MHC class I molecules fail to associate with TAP (Gran-
Indianapolis, Indiana 46202 dea et al., 1995), the levels of crt and ERp57 found in
6 Fred Hutchinson Cancer Research Center the peptide-loading complex are reduced (Sadasivan
1100 Fairview Avenue North et al., 1996; Cresswell et al., 1999), and TAP peptide
Seattle, Washington 98109 transport activity is impaired (Lehner et al., 1998). Con-
sequently, loading of peptides on MHC class I molecules
is strongly diminished, and class I heterodimers are un-
stable and fail to be efficiently transported to the cell
Summary surface. These cells, therefore, accumulate empty class
I molecules in the ER, which are subsequently targeted
Loading of peptides onto major histocompatibility for degradation in the cytosol (Grandea et al., 1997).
complex class I molecules involves a multifactorial Hence, 721.220 cells display few surface class I mole-
complex that includes tapasin (TPN), a membrane pro- cules (Greenwood et al., 1994; Grandea et al., 1995) and
tein that tethers empty class I glycoproteins to the are defective in the presentation of antigens to class
transporter associated with antigen processing. To I±restricted CTL (Ortmann et al., 1997). From these stud-
evaluate the in vivo role of TPN, we have generated ies, it was concluded that 721.220 cells have a defect
Tpn mutant mice. In these animals, most class I mole- in the assembly of the peptide-loading complex, which
cules exit the endoplasmic reticulum (ER) in the ab- stabilizes MHC class I heterodimers and increases TAP
sence of stably bound peptides. Consequently, mutant activity (Cresswell, 2000). The genetic defect in 721.220
animals have defects in class I cell surface expression, cells was mapped to the MHC locus and identified as
antigen presentation, CD81 T cell development, and a point mutation in the TPN gene that results in aberrant
immune responses. These findings reveal a critical splicing of TPN transcripts (Copeman et al., 1998).
role of TPN for ER retention of empty class I molecules. Although 721.220 cells have been useful for studying
Tpn mutant animals should prove useful for studies on TPN function, these cells were generated after several
rounds of mutagenesis by g irradiation that resulted inalternative antigen-processing pathways that involve
multiple genomic deletions (Greenwood et al., 1994).post-ER peptide loading.
These cells may, therefore, have additional defects that
influence class I assembly. Further, these cells do not
Introduction allow evaluation of TPN function in thymic education
and immune responsiveness. With this in mind, we gen-
Major histocompatibility complex (MHC) class I mole- erated a mouse strain with a targeted disruption of their
cules present cytosolic peptides to class I±restricted Tpn gene. Analysis of these animals indicated defects
CD81 cytotoxic T lymphocytes (CTL). The stable assem- in the stable assembly and surface expression of MHC
bly of MHC class I molecules with peptides takes place class I molecules, TAP transport activity, antigen pre-
in the endoplasmic reticulum (ER) (Heemels and Ploegh, sentation, CD81 T cell repertoire development, and CTL
1995; Pamer and Cresswell, 1998). Shortly after synthe- responses. Our findings revealed a critical role for TPN
in ER retention of empty MHC class I molecules. The
novel phenotype of Tpn mutant mice should prove useful7 To whom correspondence should be addressed (e-mail: andres.
for a variety of studies related to MHC class I±restrictedgrandea@mcmail.vanderbilt.edu [A. G. G.]; luc.vankaer@mcmail.
vanderbilt.edu [L. V. K.]). antigen presentation.
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Figure 1. Generation of Tpn Mutant Mice
(A) The Tpn gene locus and targeting construct. The wild-type Tpn gene is shown, along with the targeting construct, the mutated Tpn locus,
and hybridization probes. Boxes indicate the exons of Tpn. Abbreviations: B, BamHI; H, HindIII; M, MscI; X, XbaI.
(B) Southern hybridization analysis of genomic DNA isolated from Tpn1/1, Tpn1/2, and TAP2/2 animals. A DNA fragment from the 39 end of the
Tpn cDNA was used to probe BamHI genomic digests. The wild-type band is at 5.9 kb, and the mutant band is at 5.6 kb.
Results ure 2E). These results suggest that TPN differentially
influences TAP activity in different cell types.
Cells from Tpn-Deficient Mice Are Defective
in the Assembly of Class I Peptide-Loading Normal Intracellular Transport but Impaired
Assembly of Class I MoleculesComplexes and Have Reduced TAP
Peptide Transport Activity To test whether the observed defects in the peptide-
loading complex and in TAP function influenced MHCTpn-deficient mice were generated by insertion of a
neomycin resistance cassette into the fourth exon of class I trafficking, we examined the maturation of class
I HCs. The extent of intracellular transport of class Ithe Tpn gene (Figure 1). To demonstrate that the TPN
protein was absent in these animals, we performed im- molecules can be estimated from the glycan modifica-
tions on the HC. These modifications take place in themunoprecipitations from cell lysates of metabolically
labeled spleen lymphoblasts with antisera specific for medial Golgi and result in resistance to endoglycosidase
H (endo H) cleavage. Pulse±chase experiments witheither the amino or carboxyl terminus of TPN. These
antisera failed to immunoprecipitate any protein bands spleen lymphoblasts from Tpn2/2 and Tpn1/2 mice re-
vealed comparable acquisition of endo H resistancefrom cell lysates of Tpn2/2 cells (Figure 2A; data not
shown). In sharp contrast, the same antisera immuno- (endo Hr) by Kb and Db HCs (Figures 3A and 3B, left
panels; data not shown), indicating similar transport toprecipitated not only TPN, but also HCs, b2m (data not
shown), TAP1, and TAP2 from cell lysates of Tpn1/2 cells the cell surface.
In wild-type cells, only peptide-filled and fully con-(Figure 2A). HCs were also absent in anti-crt and anti-
TAP1 immunoprecipitates from Tpn2/2 cell lysates (Fig- formed class I heterodimers transit from the ER to the
cell surface (Ljunggren et al., 1990; Schumacher et al.,ure 2A). The identity of HCs in these gels was confirmed
by boiling primary immunoprecipitates in SDS followed 1990; Townsend et al., 1990). It appeared important,
therefore, to determine whether the HCs of Tpn2/2 cellsby secondary immunoprecipitation with H2-Kb and -Db
HC-specific antisera (Figures 2B and 2C). These findings that were in transit to the cell surface were actually filled
with peptide. Empty MHC class I molecules are unstableindicate that cells from Tpn2/2 mice fail to assemble
class I peptide-loading complexes. These results are and undergo an irreversible conformational change at
378C due to HC dissociation from b2m. Such unfoldedstrikingly similar to those described for 721.220 cells
(Grandea et al., 1995; Sadasivan et al., 1996). class I molecules cannot be recognized by conforma-
tion-dependent HC-specific antibodies. Hence, we per-Prior studies with 721.220 cells and control 721.221
cells have shown that TPN influences TAP peptide trans- formed temperature stability assays on cell lysates pre-
pared in pulse±chase experiments (Grandea et al., 1997).port activity (Lehner et al., 1998). This defect in TAP
activity of 721.220 cells was restored by transfection Pulse±chase cell lysates from Tpn2/2, Tpn1/2, and TAP2/2
lymphoblasts were split into two halves. To one half,of a TPN cDNA (Ortmann et al., 1997). We therefore
compared TAP activity in streptolysin O-permeabilized a stabilizing class I binding peptide was added, and, to
the other half, no peptide was added. After incubationcells from mutant and wild-type animals, using a radio-
labeled reporter peptide that contains a glycosylation at 48C for 1 hr, lysates were transferred to 378C for 1 hr,
and class I molecules were immunoprecipitated withacceptor site (Yellen-Shaw et al., 1997). In spleen
lymphoblasts from mutant animals, transport activity conformation-dependent HC-specific antibodies, fol-
lowed by treatment with endo H and gel analysis. Inwas moderately affected (Figure 2D). However, profound
defects in TAP activity were observed in immortal- wild-type cells, endo Hr HCs could be immunoprecipi-
tated even after incubation of lysates at 378C, indicatingized fibroblast cell lines derived from mutant mice (Fig-
Tapasin Mutant Mice
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Figure 2. Characterization of the Peptide-Loading Complex in
Tpn2/2 Mice
(A) Analysis of the peptide-loading complex by coimmunoprecipita-
tion. Antisera specific for mouse TPN (directed against the amino
or carboxyl terminus), crt, or TAP1 were used to isolate proteins
from digitonin lysates of metabolically radiolabeled ConA blasts
from either Tpn2/2 or Tpn1/2 mice.
(B and C) Identification of class I HCs in coimmunoprecipitates.
Precipitates were prepared as in (A) and boiled in SDS.
(B) Kb HCs were reprecipitated with an antiserum directed against
its carboxyl terminus.
Figure 3. Maturation of MHC Class I Glycoproteins(C) Db HCs were immunoprecipitated by the monoclonal antibody
28-14-8S. (A and B) ConA blasts from the indicated mice were subjected
(D and E) Peptide transport assay. A radiolabeled reporter peptide to pulse±chase experiments. Aliquots of cells from individual time
containing a glycosylation acceptor site was added to semipermea- points were lysed in NP-40 buffer and divided into two halves (to
bilized lymphoblasts (D) or fibroblasts (E) from Tpn2/2, Tpn2/2, and one half a class I binding peptide was added, and to the other half
TAP2/2 mice, and entry into the ER was measured, as described no peptide was added), followed by incubation at 48C for 1 hr. Both
in Experimental Procedures. One representative experiment out of sets of lysates were then incubated at 378C for 1 hr, and peptide-
three is shown. stabilized Kb (A) or Db (B) molecules were precipitated with b2m-
dependent antibodies (Y3 for Kb and B22.249 for Db). Precipitated
class I glycoproteins were resolved by SDS-PAGE and analyzed by
that these class I heterodimers were loaded with endog- phosphorimaging.
(C) Endo Hr forms of Kb (A) and Db (B) from either Tpn2/2 or Tpn1/2enous peptides (Figure 3). However, in Tpn2/2 cells, most
cells were quantitated by ImageQuant software. Values for emptyendo Hr HCs were thermolabile, indicating that they
endo Hr class I HCs are given as the difference between peptide-lacked high-affinity peptides. As expected, stability of
treated and untreated lysates, as a percentage of the total endo Hrthese HCs could be restored by addition of class I bind-
HCs for the respective individual peptide-treated time points.ing peptides to the cell lysates prior to incubation at
378C (Figures 3A and 3B, left panels). These results indi-
cate that most MHC class I molecules in Tpn2/2 mice reduced, reaching 10%±15% of wild-type cells, or ap-
are devoid of high-affinity peptides and that these empty proximately twice the level of TAP2/2 cells (Figure 4A).
class I molecules traffic normally to the cell surface. Together with the results from our pulse±chase experi-
These findings are in sharp contrast with results from ments (Figure 3), this finding suggests that empty class
similar experiments with TAP2/2 cells (Figures 3A and I molecules that reach the cell surface of Tpn2/2 cells
3B; Townsend et al., 1989; Van Kaer et al., 1992). In rapidly fall apart and that these ill-conformed chains are
TAP2/2 cells, as in Tpn2/2 cells, most class I molecules then internalized and degraded.
lacked stably bound peptides. However, in TAP2/2 cells, In TAP2/2 cells, most class I molecules are retained
these complexes were retained in the ER; whereas, in in the ER (Townsend et al., 1989; Van Kaer et al., 1992;
Tpn2/2 cells, empty class I heterodimers were efficiently Figures 3A and 3B). However, a small number of empty
transported to the cell surface. These findings therefore class I molecules do exit the ER in these cells and can
indicate a critical role of TPN for ER retention of empty be stabilized at the cell surface by addition of class I
MHC class I molecules. This aspect of TPN function was binding peptides to the culture medium (Townsend et
not seen in 721.220 cells, where empty class I hetero- al., 1989; Van Kaer et al., 1992; Figure 4B). We therefore
dimers were retained in the ER and targeted for degrada- tested whether synthetic class I binding peptides can
tion in the cytosol (Grandea et al., 1997). enhance class I cell surface expression on Tpn2/2 cells.
Figure 4B shows that exogenous peptides stabilized the
class I molecules that reach the cell surface in Tpn2/2Reduced Class I Cell Surface Expression
In keeping with the observed peptide-loading defect, cells. Because most class I molecules in Tpn2/2 cells
transit out of the ER without stably bound peptide, oneclass I surface expression on Tpn2/2 cells was strongly
Immunity
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Tpn2/2 cells infected with a vaccinia virus minigene con-
struct encoding an ovalbumin (OVA) peptide (OVA257±264)
failed to be recognized by CTL (Figure 5C) and by a
monoclonal antibody (Figure 5D) (Porgador et al., 1997)
specific for OVA257±264 1 Kb. Thus, different endogenous
and foreign peptides may have distinct requirements for
TPN in MHC class I loading.
T Cell Selection in Tpn Mutant Mice
Expression of peptide±MHC complexes in the thymus
is crucial for T cell positive and negative selection (Gol-
drath and Bevan, 1999). We therefore examined T cell
development in Tpn2/2 mice. As expected from the re-
duced levels of MHC class I surface expression, Tpn2/2
mice had few (15%±20% of wild type) mature CD81 T
cells in the periphery, yet numbers were significantly
higher than in TAP2/2 mice (Figures 6A and 6B). These
CD81 T cells were functional, as demonstrated by their
ability to mount alloreactive CTL responses in primary
mixed lymphocyte cultures (Figure 7A).
To confirm and extend these findings, T cell develop-
ment was examined in Tpn2/2 animals expressing trans-
genic T cell receptors (TCR) (Figures 6C±6E). The OT-1Figure 4. MHC Class I Surface Expression
TCR is restricted by Kb and specific for OVA257±264 (Hog-(A) Lymph node (LN) cells from the indicated mice were stained with
quist et al., 1994). Figure 6C shows that transgenic OT-1class I HC-specific mAb (Y3 for Kb and B22.249 for Db) and analyzed
by fluorescence-activated cell sorting (FACS). The dotted line in the cells were present in normal numbers in the lymph nodes
plots represents a negative control without addition of antibody. of Tpn2/2 animals, indicating normal positive selection.
(B) Peptide stabilization of empty class I. ConA blasts were incu- The H-Y TCR recognizes the male-specific H-Y anti-
bated with class I stabilizing peptide (50 mM; OVA257±264 for Kb and gen in the context of Db class I molecules (Teh et al.,
NP366±374 for Db) at 378C in culture media for the indicated time periods 1988). This transgenic TCR permitted evaluation of both
and analyzed by FACS.
positive and negative selection. Figure 6D shows sub-
stantially reduced numbers of CD4281 H-Y TCR1 cells
in the thymus and periphery of female H-Y transgenic
may expect that peptide stabilization of surface class I Tpn2/2 mice, as compared with control transgenic mice.
molecules in Tpn2/2 cells, as compared with TAP2/2 cells, Interestingly, female H-Y transgenic Tpn2/2 mice had
would be enhanced. However, the kinetics of cell surface increased numbers of CD4182 cells in the thymus and
stabilization of class I molecules on Tpn2/2 and TAP2/2 lymph node. These cells did not express the transgenic
cells were very similar (Figure 4B). TCR and probably result from endogenous rearrange-
ment of TCRa chains followed by positive selection on
MHC class II molecules, as previously described for TDefective Antigen Presentation
Next, we examined the effects of Tpn mutation on the cell development in H-Y transgenic mice (Teh et al.,
1988; von Boehmer, 1990).presentation of self- and foreign antigens to class
I±restricted CTL. Tpn2/2 cells were tested for recognition T cell development in male H-Y TCR transgenic ani-
mals is characterized by a small thymus, which resultsby and stimulation of alloreactive CTL. Figure 5A (right
panel) shows that Tpn2/2 cells were efficiently recog- from a specific block in thymocyte development from
the CD4282 (double-negative) to CD4181 (double-posi-nized by alloreactive CTL elicited against Tpn1/2 stimula-
tor cells and that recognition of Tpn2/2 targets, as com- tive) stage (Teh et al., 1988; von Boehmer, 1990; Figure
6E). While most transgenic T cells die in the thymus ofpared with Tpn1/2 targets, was only weakly reduced.
Likewise, Tpn2/2 stimulator cells were less efficient than these animals, a significant population of cells escapes
deletion and populates peripheral lymphoid organs.Tpn1/2 stimulator cells for activation of alloreactive CD81
T cells, but differences were only moderate (Figure 5A; However, these cells express low levels of CD8 (Figure
6E) and do not respond to in vitro stimulation with malecompare the left and right panels). CTL elicited against
Tpn2/2 stimulator cells lysed Tpn1/2 cells more effectively cells (Kisielow et al., 1988; von Boehmer, 1990). Male
H-Y transgenic Tpn2/2 animals had a normally sized thy-than Tpn2/2 cells (Figure 5A, left panel). Thus, while
Tpn2/2 cells were less efficient than Tpn1/2 cells for rec- mus (data not shown) and double-negative thymocytes
were allowed to progress to the double-positive andognition by and stimulation of alloreactive CD81 T cells,
responses were only weakly reduced. Because alloreac- single-positive stages (Figure 6E), indicating defective
negative selection. Few H-Y TCR1 T cells were detectedtive T cell responses are directed against a multiplicity of
specific peptide±MHC complexes, these data suggest in the periphery of these animals. Interestingly, as in
female H-Y transgenic Tpn2/2 mice, there was significantsignificant overlap between the self-peptides expressed
by Tpn2/2 and Tpn1/2 cells. skewing to the CD41 lineage in male H-Y transgenic
Tpn2/2 mice, presumably due to rearrangement of en-Defects in the presentation of foreign antigens were
more dramatic. Tpn2/2 cells infected with an influenza dogenous TCRa chains followed by positive selection
on class II molecules.virus were poorly recognized by a nucleoprotein (NP)
peptide (NP366±374)-specific Db-restricted T cell hybridoma Collectively, our findings indicate significant defects
in both positive and negative intrathymic selection.(Figure 5B) (Sanderson and Shastri, 1994). Likewise,
Tapasin Mutant Mice
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Figure 5. In Vitro Antigen Presentation Assays
(A) Tpn2/2 cells as stimulators or targets for alloreactive CTL. Balb/c spleen cells were mixed with irradiated spleen cells from either Tpn2/2
or Tpn1/2 mice in vitro. Cultures were assayed 5 days later for lysis of the indicated 51Cr-labeled ConA blasts.
(B) Presentation of influenza virus antigens. ConA or lipopolysaccharide (LPS) blasts were infected with an influenza (flu) virus or mock infected
with chicken egg allantoic fluid (AF) overnight and mixed with the NP366±374-specific Db-restricted T cell hybridoma DBFZ.25. Activated T
hybridoma cells were assayed for b-galactosidase (LacZ) activity and counted.
(C and D) Presentation of OVA antigens.
(C) The indicated ConA targets were infected with a vaccinia construct expressing either the OVA257±264 minigene (MSIINFEKL) or an irrelevant
minigene (Vacc. Cont.). Cells were then labeled with 51Cr and mixed with CTL specific for OVA257±264 and Kb.
(D) Immortalized fibroblasts from either mutant or control mice were infected by vaccinia virus constructs expressing either full-length OVA,
OVA257±264 (MSIINFEKL), or a control minigene (Vacc. Cont.) and then stained with the 25-D1.16 mAb, specific for OVA257±264 1 Kb, followed by
FACS.
Immune Responses Directed against Intracellular that, in Tpn2 cells, empty MHC class I molecules fail to
be retained in the ER, and instead traffic to the cellMicroorganisms
CTL play a critical role in recovery from acute infections surface in the absence of stably bound peptides. How-
ever, the empty class I molecules that reach the surfaceby intracellular microorganisms. Hence, we tested im-
mune responsiveness of Tpn2/2 mice to infection with of these cells at physiological temperature (378C) are
unstable and undergo a conformational change, whichseveral pathogens, including an influenza virus, vaccinia
virus, LCMV, and Listeria monocytogenes. Consistent eventually results in their degradation. The results from
Figure 4B further indicate that the empty class I mole-with our in vitro antigen presentation data (Figure 5B),
Tpn2/2 mice generated poor CTL responses to influenza cules that reach the cell surface of Tpn2 cells can be
efficiently stabilized by class I binding peptides. Fourth,virus (Figures 7B and 7C). In contrast, CTL responses
to vaccinia virus (Figures 7D and 7E) and LCMV (Figure trafficking of MHC class I molecules in Tpn-deficient
7F) appeared normal, and L. monocytogenes was effec- mice is very different from class I trafficking in TAP-
tively cleared (Figure 7G). We conclude, therefore, that deficient cells (Figure 3; Townsend et al., 1989; Van Kaer
Tpn mutation differentially affects class I±mediated T et al., 1992), which are impaired in the supply of peptides
cell responses in vivo. to the ER lumen. In TAP2 cells, as in Tpn2 cells, most
class I molecules fail to assemble with stably bound
peptides. However, whereas empty class I moleculesDiscussion
traffic normally to the cell surface of Tpn2 cells, most
empty class I molecules are retained in the ER of TAP2Our findings reveal a critical role of TPN for retention of
cells. In TAP2 cells, the empty class I molecules thatempty MHC class I molecules in the ER until they acquire
accumulate in the ER are eventually translocated to thepeptides. This conclusion is supported by a number of
cytosol and targeted for degradation (Townsend et al.,findings. First, our pulse±chase experiments (Figures 3A
1989; Van Kaer et al., 1992; Wiertz et al., 1996). Theseand 3B, left panels) showed that MHC class I HCs in Tpn2
findings therefore indicate that retention of empty classcells acquired endo H resistance with normal kinetics,
I molecules in the ER of TAP-deficient cells, and byindicating that they traffic normally to the cell surface.
extension wild-type cells, is mediated by TPN. AbsenceSecond, temperature stability assays (Figures 3A and
of TPN, as in the Tpn2 mice, results in the lack of ER3B, right panels) indicated that most MHC class I mole-
retention of empty class I molecules. Retention of emptycules in Tpn2 cells, including those that had acquired
MHC class I molecules in the ER ensures their colocali-endo H resistance, are devoid of stably bound peptides.
zation with TAP-dependent peptides. Our conclusionThird, although class I HCs were transported to the cell
that TPN is an ER retention factor for empty MHC classsurface with normal kinetics, class I cell surface expres-
I molecules is in agreement with prior studies on mousesion was strongly reduced (Figure 4A), suggesting that
class I assembly performed in insect cells (Schoenhalsthe class I molecules that reach the cell surface of Tpn2
cells are unstable. These biochemical studies suggest et al., 1999) and with studies on class I mutants that fail
Immunity
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class I molecules were retained in the ER and subse-
quently targeted for degradation in the cytosol (Grandea
et al., 1997). One possibility that could explain this ap-
parent discrepancy is that there may be differences in
the antigen-processing pathways in murine and human
cells. For example, empty mouse and human class I
molecules may depend on distinct accessory molecules
for their retention in the ER. Indeed, NoÈ bner and Parham
(1995) reported that the generalized ER chaperone BiP
binds with human but not mouse MHC class I molecules.
An alternative explanation is that 721.220 cells may have
additional defects that affect antigen processing. For
example, other components of the class I loading com-
plex (e.g., calreticulin) may be expressed in these cells
at very high levels that are not physiological. Regardless
of the reason that will be found for the differences in
trafficking of empty class I molecules in cells from Tpn2
mice and 721.220 cells, our findings indicate a critical
role of TPN for ER retention of empty mouse MHC class
I molecules in vivo.
Consistent with prior studies on 721.220 cells (Lehner
et al., 1998), a role for TPN in regulating TAP activity
was also observed in mutant mice. However, the effects
of Tpn mutation on TAP activity depended on the cell
type analyzed. In spleen lymphoblasts from mutant ani-
mals, transport activity was only moderately affected
(Figure 2D), whereas immortalized fibroblast cells from
mutant mice had profound defects in TAP activity (Figure
2E). This finding suggests that TPN may differentially
influence TAP activity in different cell types and under
different types of activation (e.g., in response to cyto-
kines).
As expected from the observed defects in MHC class
I assembly and cell surface expression, Tpn2 cells were
defective in the presentation of antigens to CTL in vitro
(Figure 5) and in vivo (Figure 7). Our results indicated
that Tpn expression is critically important for efficient
presentation of the NP366±374 epitope of influenza virus
by ConA and LPS lymphoblasts to NP366±374-specific H2-
Db restricted T cells. Likewise, Tpn2 ConA blasts and
immortalized fibroblasts infected with vaccinia virus
minigene constructs encoding the OVA257±264 epitopeFigure 6. T Cell Development
failed to be recognized by CTL and by a monoclonal
(A and B) Development of mature CD81 T cells is reduced.
antibody specific for OVA257±264 plus H2-Kb, respectively.(A) Cells from either thymus (thy) or lymph node (LN) were stained
Our in vivo data indicated that the Tpn mutation pro-with anti-CD4 and -CD8 antibodies and analyzed by FACS.
foundly affects CTL responses against influenza virus,(B) CD41/CD81 ratios in LN are shown for Tpn2/2 (n 5 12) or Tpn1/2
but not vaccinia virus and LCMV, and does not impair(n 5 11) mice. Average values are indicated.
(C±E) T cell development in TCR transgenic animals. Tpn2/2 mice clearance of L. monocytogenes. Because TPN differen-
were bred with the OT-1 (C) or H-Y (D and E) TCR transgenic lines. tially affects TAP activity in different cell types, it is hard
Cells from thymus or LN were stained with anti-CD4, -CD8, and to correlate the in vitro antigen presentation defects of
transgenic TCR-specific mAb. Results for CD4 and CD8 expression Tpn2 cells from different sources with the in vivo immune
are shown in the two-dimensional plots. The single histograms rep- responses of these animals to infection. Nevertheless,
resent TCR staining levels on CD4282 (DN), CD41, CD81, or CD4181 our results indicate that TPN expression is critically im-
(DP) cells. (D) Female H-Y TCR transgenic mice. (E) Male H-Y TCR
portant for efficient presentation of some (e.g., NP366±374transgenic mice.
and OVA257±264), but not other (e.g., antigenic vaccinia
virus and LCMV epitopes) antigens to class I±restricted
to associate with TPN (Connolly et al., 1990; Lewis et CTL. It is presently unclear, however, which functional
al., 1996; Peace-Brewer et al., 1996; Kulig et al., 1998; properties of TPN are responsible for the observed anti-
Suh et al., 1999). It remains possible, however, that the gen presentation defects. One factor that may provide
effects of TPN on ER retention of empty class I require an explanation for the ability of Tpn2 cells to load some
cooperation with other factors, such as calreticulin. Fur- but not other peptides onto MHC class I molecules is
thermore, we cannot formally exclude the possibility the abundance of individual CTL epitopes in the cytosol
that the heat-labile class I molecules in Tpn2 mice are that are available for transport by TAP. In the absence
bound by suboptimal peptides. of TPN, reduced TAP activity may be insufficient for the
The role of TPN for ER retention of empty class I provision of low abundant peptides to the lumen of the
molecules was not previously appreciated in the human ER, particularly because, in the absence of TPN, empty
class I molecules remain in the ER only briefly. AnotherTPN-deficient cell line 721.220. In these cells, empty
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Figure 7. T Cell Responses
(A) T cells from Tpn2/2 mice as responders
in alloreactive mixed lymphocyte reactions.
Spleen cells from Tpn2/2 or Tpn1/2 mice were
stimulated in vitro with irradiated Balb/c
spleen cells and tested for recognition of the
indicated targets by 51Cr release assays.
(B and C) Influenza virus infections. Mice were
infected with 300 hemagglutinin units (HAU)
of PR8 virus. Spleen cells from infected mice
were restimulated 14 days later with naive
C57BL/6 spleen cells infected with PR8 and
assayed 6 days later for cytolysis of MC57G
cell targets infected with vaccinia virus mini-
gene constructs carrying the NP366±374 epitope
(M366±374) or a control peptide (Vacc. Cont.)
(B). Alternatively, spleen cells were restimu-
lated in vitro with Db-transfected L cells in-
fected with PR8 or mock infected with
chicken egg allantoic fluid (AF), and re-
sponding T cells were typed for interferon g
(Ifn-g) production by ELISPOT assay (C).
(D and E) Vaccinia virus infections. Mice were
infected with 1 3 106 pfu of strain Cr-19.
Spleen cells were restimulated 14 days later
with naive C57BL/6 spleen cells infected with
Cr-19 and assayed 6 days later for cytolysis
of MC57G cells infected with vaccinia virus
constructs (D). Alternatively, spleen cells
were stimulated in vitro with MC57G cells in-
fected with modified vaccinia virus strain An-
kara (MVA) or mock infected with allantoic
fluid (AF), and responding T cells were typed
for interferon g (Ifn-g) production by ELISPOT
assay (E).
(F) LCMV virus infections. Mice were infected with 2.1 3 105 pfu of the Armstrong strain. Spleens were harvested 9 days later, and splenocytes
were used as effector cells in 51Cr release assays, using MC57G fibroblast target cells infected with LCMV.
(G) Responses to Listeria monocytogenes. Tpn2/2 or Tpn1/2 mice were infected with a sublethal dose (104 bacteria/mouse i.p.) of virulent L.
monocytogenes strain 10403s, and colony counts in spleens were determined on the indicated days after infection.
possibility could be that TPN not only reduces overall Although most MHC class I molecules are loaded with
peptide in the ER, some evidence is available for peptideTAP activity, but actually influences its specificity. Yet
another possibility is that TPN may also function as a loading of MHC class I molecules in post-ER compart-
ments (reviewed in Jondal et al., 1996; Jorg and Rein-peptide editor, similar to the role of H2-DM for the load-
ing of peptides on MHC class II molecules (Vogt and hold, 1999; Yewdell et al., 1999). For example, Song and
Harding (1996) showed that ovalbumin proteins boundKropshofer, 1999).
The intrathymic development of immature T lympho- to latex beads or expressed by bacteria can be pro-
cessed via an alternate class I pathway that involvescytes is critically dependent on their interaction with
peptide±MHC complexes (Goldrath and Bevan, 1999). peptide loading in post-ER compartments. Likewise, Liu
et al. (1997) found that heat-killed Sendai virus antigensOur results showed that numbers of CD81 T cells in
Tpn2 mice were reduced 4- to 5-fold (Figures 6A and can be processed and presented to CTL on class I mole-
6B), indicating significant defects in CD81 T cell positive cules in a pathway that resembles that of MHC class II
selection. Experiments with TCR transgenic animals fur- molecules. In Tpn2 cells, empty class I molecules traffic
ther showed normal positive selection of OT-1 TCR normally to the cell surface and should be therefore
transgenic T cells, but defective positive and negative available for binding with peptides in post-ER compart-
selection of H-Y TCR transgenic T cells. The differential ments. Amino acid sequence analysis of the endoge-
effects of Tpn deficiency on positive selection of trans- nous peptides that bind with residual class I molecules
genic TCRs may be caused by the different affinities of expressed by Tpn2/2 cells should aid in answering these
these TCRs for their positively selecting ligands in the questions.
thymus (Kb for OT-1 and Db for H-Y). Alternatively, the
Experimental Proceduresdiversity of peptides displayed on MHC class I mole-
cules of Tpn2 mice may be significantly reduced and
Generation of Tpn Mutant Micedeficient in peptides that can mediate positive selection
The Tpn targeting construct was assembled using genomic clonesof H-Y but not OT-1 transgenic T cells. Collectively,
isolated from a 129/Sv phage library (GIBCO-BRL). A 1.1 kb MscI-these results indicate substantial defects in both posi-
XhoI fragment from the 59 end of the Tpn gene and a 3.3 kb fragment
tive and negative selection in Tpn2 mice. While these from the 39 end of the Tpn gene were subcloned into pGKneobpAlox-
findings suggest that Tpn-deficient mice may have sig- 2PGKDTA (obtained from P. Soriano, Fred Hutchinson Cancer Re-
nificant defects in CD81 T cell responses, our in vivo search Center, Seattle, WA). The neomycin resistance cassette of
infection data indicate that CD81 T cells from these this targeting vector disrupts the 59 end of the fourth exon of Tpn.
Strain 129/Sv-derived embryonic stem (ES) cells (TL-1; obtainedanimals can respond to a wide variety of antigens.
Immunity
220
from B. Hogan, Vanderbilt University, Nashville, TN) were trans- with ConA, incubated with synthetic peptides, or infected with vac-
cinia virus constructs prior to flow cytometry. Antibody staining wasfected with the linearized targeting vector as described (Van Kaer
et al., 1992). Homologous recombinants were identified by hybrid- performed by incubating cells with the antibody on ice for 1 hr
followed by several washes. Cells were then incubated with second-ization of HindIII-XhoI digests of ES cell DNA with a 59 flanking probe
(see Figure 1A), which results in a 3.9 kb fragment for the wild-type ary antibodies or streptavidin-PE (Vector Laboratories), where ap-
propriate. After the final washes, cells were analyzed at the HHMIallele and a 6.1 kb fragment for the mutant allele. Chimeric mice
were generated as described (Van Kaer et al., 1992). Mice were Flow Cytometry Core (Vanderbilt University) using a FACSCalibur
flow system and CellQuest v3.1. software (Becton Dickinson). Deadgenotyped by digestion of genomic DNA with BamHI, followed by
hybridization with a cDNA probe that hybridizes to the 39 end of the cells were excluded from the analysis based on their forward and
sideways light-scattering properties.Tpn gene (Figure 1A). This probe hybridizes to a 5.9 kb fragment in
the wild-type allele and a 5.6 kb fragment in the mutant allele (Fig-
ure 1B). Mixed Lymphocyte Reactions
Irradiated (3000 rad) spleen stimulator cells (5 3 106/ml) were mixed
with spleen responder cells (5 3 106/ml) and cultured for 5 days.Isolation of Immortalized Fibroblast Cell Lines
These cultures were then used to measure lysis of ConA-activatedEar fibroblast cells derived from Tpn2/2 and Tpn1/2 animals were
splenic target cells in 51Cr release assays.immortalized by serial passage in vitro.
51Cr release assays were performed by incubating 1 3 104 labeled
target cells with serial dilutions of responders at 378C for 4 hr.
Peptide Transport Assay Aliquots of the supernatant were counted in a gamma counter. Re-
In vitro assay of TAP peptide transport activity was performed as sults are presented as percentage of specific lysis: 100 3 (experi-
previously described (Yellen-Shaw et al., 1997). Concanavalin A mental release 2 spontaneous release)/(release by detergent 2
(ConA)±induced spleen lymphoblasts or immortalized fibroblast spontaneous release).
cell lines were permeabilized with streptolysin O (2 U/ml; Murex
Diagnostics) and incubated for 15 min at 378C with 100 ng radioio-
In Vitro Antigen Presentation Assaysdinated reporter peptide (TVNKTERAY) and 10 ml of 100 mM ATP.
Presentation of influenza virus antigens was tested by infection ofThe glycosylated reporter peptide was recovered using ConA±
ConA- or lipopolysaccharide (LPS)±activated spleen lymphoblastsSepharose beads and quantitated on a gamma counter.
(5 3 104/well) with an influenza virus (PR8) or chicken egg allantoic
fluid (AF) overnight. Cells were then mixed with the NP366±374-specific
Immunoprecipitations, Pulse±Chase Analysis, and Peptide Db-restricted T cell hybridoma DBFZ.25 (1 3 105/well) (Sanderson
Stabilization Assays and Shastri, 1994) (obtained from N. Shastri, University of California,
For immunoprecipitation experiments, ConA-induced lymphoblasts Berkeley, CA). Activated T hybridoma cells were assayed for b-galac-
were radiolabeled with 500 mCi of [35S]methionine/cysteine mix (New tosidase (LacZ) activity and counted, as described (Sanderson and
England Nuclear) for 1 hr at 378C. Cells were lysed in 50 mM Tris Shastri, 1994).
(pH 7.5), 150 mM NaCl (TBS), and 1% digitonin (Calbiochem) and Presentation of OVA antigens was tested by infection of ConA
cleared of debris by centrifugation. Proteins were precipitated by targets with a vaccinia virus construct (100 pfu/cell; overnight) ex-
antisera directed against TPN (specific for either the amino or car- pressing either the OVA257±264 minigene (MSIINFEKL) or an irrelevant
boxyl terminus) (Grandea et al., 1998), crt (Affinity Bioreagents), or minigene (Vacc. Cont.). Cells were then labeled with 51Cr and mixed
TAP1 (obtained from J. Monaco, University of Cincinnati, Cincinnati, with CTL specific for OVA257±264 plus Kb. Alternatively, immortalized
OH). Immunoprecipitates were collected using protein A±Sepharose fibroblast cells were infected by vaccinia virus constructs (10 pfu/
beads (Pharmacia). For secondary precipitations, the primary pre- cell; 4 hr) expressing either full-length OVA, OVA257±264 (MSIINFEKL),
cipitates were boiled in 1% NP-40 plus 0.2% SDS in TBS, and the or an irrelevant minigene (Vacc. Cont.). Cells were then stained with
solution was increased in volume with 1% NP-40 in TBS, to dilute the 25-D1.16 antibody (Porgador et al., 1997), specific for OVA257±264
the SDS to a concentration of 0.02%. Free Kb HCs were isolated with plus Kb, followed by FACS.
an antiserum (obtained from H. Ploegh, Harvard Medical School,
Boston, MA) specific for the carboxyl terminus (Machold et al., 1995), Immune Responses to Intracellular Microorganisms
and Db HCs were precipitated with the 28-14-8S antibody (American To measure immune responses to influenza virus, mice were in-
Type Culture Collection [ATCC]). Precipitates were resolved by SDS± fected with 300 hemagglutinin units (HAU) of PR8 virus. Spleen
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by cells from infected mice were restimulated 14 days later with naive
phosphorimaging. C57BL/6 spleen cells infected with PR8 and assayed 6 days later for
Pulse±chase and peptide stabilization assays were performed as cytolysis of MC57G cell targets infected with vaccinia virus minigene
described (Grandea et al., 1997). Briefly, ConA blasts were pulsed constructs (10 pfu/cell) carrying the NP366±374 epitope (M366±374) orfor 5 min with [35S]Met/Cys and then chased with culture medium a control peptide (Vacc. Cont.). Alternatively, spleen cells were re-
containing 1 mM cold Met and 1 mM cold Cys. Cell aliquots from stimulated in vitro with Db-transfected L cells infected with PR8 or
each time point were lysed in 1% NP-40 in TBS. To one half of each mock infected with allantoic fluid (AF). Responding T cells were
lysate, a specific class I binding peptide (OVA257±264 for Kb and NP366±374 typed for interferon g production by ELISPOT assay.
for Db) was added to a final concentration of 50 mM. After incubation For vaccinia virus, mice were infected with 1 3 106 pfu of strain Cr-
at 48C for 1 hr, lysates were incubated at 378C for 1 hr. Class I 19. Spleen cells were restimulated 14 days later with naive C57BL/6
molecules were then precipitated with the conformation-specific spleen cells infected with Cr-19 and assayed 6 days later for cytoly-
mAb Y3 (Kb-specific) and B22.249 (Db-specific) (both from ATCC). sis of MC57G cells infected with vaccinia virus constructs (10 pfu/
cell). Alternatively, spleen cells were stimulated in vitro with MC57G
cells infected with modified vaccinia virus strain Ankara (MVA) (1Flow Cytometry
The following mAbs were used for FACS analysis: Y3 is a conforma- pfu/cell) or mock infected with AF. Responding T cells were typed
for interferon g production by ELISPOT assay.tion-dependent antibody specific for Kb, B22.249 is a conformation-
dependent antibody specific for Db, 25-D1.16 (obtained from A. Por- Immune responses to LCMV were measured after infection with
2.1 3 105 pfu of the Armstrong strain (obtained from R. M. Welsh,gador, University of Ben-Gurion, Beer-Shiva, Israel) is specific for
Kb 1 OVA257±264 (Porgador et al., 1997), anti-CD4 (Pharmingen), anti- University of Massachusetts, Worcester, MA), i.p. Spleens were har-
vested 9 days later, and splenocytes were used as effector cells inCD8 (Pharmingen), B20.1.1 (obtained from M. Bevan, University of
Washington, Seattle, WA) is specific for TCR Va2, T3.70 (obtained a 6 hr 51Cr release assay, using MC57G fibroblast target cells infected
with LCMV at a multiplicity of infection of 0.2 for 2 days, as previouslyfrom M. Boothby, Vanderbilt University) is specific for the TCRa
chain of the H-Y TCR, and goat anti-mouse immunoglobulin G (Jack- described (Brutkiewicz et al., 1992).
Responses to Listeria monocytogenes were measured by infec-son Immunoresearch) was used as a secondary reagent.
Cell suspensions from various tissues were prepared according tion of mice with a sublethal dose (104 bacteria/mouse i.p.) of virulent
L. monocytogenes strain 10403s, and colony counts in spleens wereto standard procedures. In some experiments, cells were stimulated
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determined on the indicated days after infection, as described (Harty Kisielow, P., Teh, H.S., Bluthmann, H., and von Boehmer, H. (1988).
Positive selection of antigen-specific T cells in thymus by restrictingand Bevan, 1995).
MHC molecules. Nature 335, 730±733.
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